Abstract The homeodomain leucine zipper (HD-Zip) genes encode transcription factors that have diverse functions in plant development and have often been implicated in stress adaptation. The HD-Zip genes are the most abundant group of homeobox (HB) genes in plants and do not occur in other eukaryotes. This paper describes the complete annotation of the HD-Zip families I, II and III from rice and compares these gene families with Arabidopsis in a phylogeny reconstruction. Orthologous pairs of rice and Arabidopsis HD-Zip genes were predicted based on neighbour joining and maximum parsimony (MP) trees with support of conserved intron-exon organization. Additionally, a number of HD-Zip genes appeared to be unique to rice. Searching of EST and cDNA databases and expression analysis using RT-PCR showed that 30 out of 31 predicted rice HD-Zip genes are expressed. Most HD-Zip genes were broadly expressed in mature plants and seedlings, but others showed more organ specific patterns. Like in Arabidopsis and other dicots, a subset of the rice HD-Zip I and II genes was found to be regulated by drought stress. We identified both drought-induced and drought-repressed HD-Zip genes and demonstrate that these genes are differentially regulated in drought-sensitive versus drought-tolerant rice cultivars. The drought-repressed HD-Zip family I gene, Oshox4, was selected for promoter-GUS analysis, showing that drought-responsiveness of Oshox4 is controlled by the promoter and that
Introduction
The homeobox (HB) is a conserved DNA motif, which was first identified in a set of Drosophila genes controlling development. It is clear now that all eukaryotic life forms ranging from primitive unicellular fungi, protists, sponges to more complex animals and plants, including ferns and mosses, have HB genes that generally are associated with development. Each HB gene encodes a conserved 61 amino acid sequence known as the homeodomain (HD). HD containing proteins are transcription factors and the HD is responsible for sequence-specific DNA binding. Analysis of the Arabidopsis genome sequence revealed the presence of 89 HB genes, which can be classified in several different groups based on the presence of conserved domains . Of these, 48 encode for the so-called homeodomain-leucine zipper (HD-Zip) proteins (Henriksson et al. 2005 ; this paper). Characteristic for these proteins is the presence of a leucine zipper domain (Zip) (Ruberti et al. 1991) , which is located directly after the HD and is required for homo-and heterodimer formation (Sessa et al. , 1998 Frank et al. 1998; Meijer et al. 2000; Johanesson et al. 2001) . HD-Zip genes were found in all plant groups studied thus far, ranging from the moss Physcomitrella patens (Sakakibara et al. 2001 ) and the fern Ceratopteris richardii (Aso et al. 1999 ) to monocots (Meijer et al. 1997 ) and dicots (Mattsson et al. 1992; Davis 1992, 1994; Frank et al. 1998 ) but do not occur in animals or fungi.
Based on the sequences of the HD and Zip regions, four HD-Zip families can be distinguished, termed I, II, III and IV (Sessa et al. 1994) . Members of the different families are known as transcriptional repressors or activators of gene expression Aoyama et al. 1995; Meijer et al. 1997 Meijer et al. , 2000 Steindler et al. 1999; Ohgishi et al. 2001; Himmelbach et al. 2002; Henriksson et al. 2005; Deng et al. 2006) . In recent years, many efforts were undertaken to elucidate the functions of HD-Zip genes. Several members of the closely related HD-Zip I and II families have been related to auxin signaling and transport (Kawahara et al. 1995; Steindler et al. 1999; Morelli and Ruberti 2002; Sawa et al. 2002; Scarpella et al. 2002) . HDZip I and II genes also have been implicated in light signaling responses, including shade-avoidance (Carabelli et al. 1993 (Carabelli et al. , 1996 Schena et al. 1993; Steindler et al. 1999) , de-etiolation of dark-grown seedlings (Aoyama et al. 1995) and blue light signaling . Furthermore, there is accumulating evidence that many HD-Zip I and II genes are related to regulation of developmental adaptation to environmental stress conditions such as drought. These include Athb-6, Athb-7 and Athb-12 from Arabidopsis (Lee and Chun 1998; Lee et al. 2001; Söderman et al. 1994 Söderman et al. , 1996 Söderman et al. , 1999 Hjellstrom et al. 2003) and Hahb-4 from sunflower (Gago et al. 2002; Manavella et al. 2006) , of which the expression is inducible by drought as well as by abscisic acid (ABA), which plays a central role in regulating plant responses to drought including stomata closure (Leung and Giraudat 1998) . Furthermore, the resurrection plant Craterostigma plantagineum, an extremely drought-resistant species originating from the Namib desert in Southern-Africa, contains at least seven HD-Zip genes (CpHB-1 to -7) that all respond to drought stress, either by up-or by downregulation (Frank et al. 1998; Deng et al. 2002) . CpHB-2, -6 and -7 were found to be induced by both drought and ABA, whereas CpHB-1 was only inducible by drought. This suggests that HD-Zip proteins function in both ABAdependent and -independent drought-responsive signaling pathways. The drought-inducible Athb-6, -7 and -12 genes (HD-ZIP I) from Arabidopsis were shown to operate in an ABA-dependent signaling pathway, since ABA-induction of these genes is abolished in the ABA insensitive mutants abi1 and abi2 (Himmelbach et al. 2002; Olsson et al. 2004 ). Furthermore, protein-protein interaction was demonstrated between Athb-6 and the ABI1 serine/threonine phosphatase that is required for ABA sensitivity (Himmelbach et al. 2002) .
HD-Zip genes of families III and IV encode an additional conserved domain that is called the START domain (Ponting and Aravind 1999) and has a putative function in sterol binding (Schrick et al. 2004 ). HD-Zip III genes were shown to be involved in regulation of apical embryo patterning, embryonic shoot meristem formation, organ polarity, vascular development and meristem function McConnell et al. 2001; Green et al. 2005; Prigge et al. 2005; Byrne 2006 ). HD-Zip IV genes appear to be involved in determining cell fates in epidermal cell layers and regulation of cell layer-specific expression (Hülskamp et al. 1994; Rerie et al. 1994; Di Christina et al. 1996; Lu et al. 1996; Masucci et al. 1996; Ito et al. 2002; Ohashi et al. 2002; Yang et al. 2002; Abe et al. 2003; Schrick et al. 2004; Khaled et al. 2005; Nakamura et al. 2006) .
Little is known about the identity of down-stream target genes that are regulated by HD-Zip transcription factors. Deng et al. (2006) identified the ABA and droughtresponsive group 2 LEA/dehydrin gene CdeT6-19 as a potential target of CpHB-7 in C. plantagineum. CpHB-7 protein is able to bind to a conserved HD-Zip recognition motif in the promoter of CdeT6-19. Furthermore, CpHB-7 overexpressing Arabidopsis plants showed reduced sensitivity towards ABA during seed germination and stomata closure. CpHB-7 overexpressing lines were employed in a target gene identification strategy involving a combination of genome mining for HD-Zip binding site-containing genes and macro-array analysis, and it was shown that CpHB-7 modifies the expression of a number of known ABA-responsive target genes as a negative regulator (Deng et al. 2006) . Another HD-Zip target gene identification study was done using micro-array analysis of transgenic Arabidopsis overexpressing Hahb-4 from sunflower (Manavella et al. 2006) . This study showed that Hahb-4 overexpression leads to repression of genes involved in ethylene signalling and synthesis. Furthermore, this study identified genes known to be involved in protection towards osmotic stress, including arginine decarboxylase and betaine-aldehyde dehydrogenase genes.
Here we present a genome-wide analysis of the HD-Zip families I, II and III from rice and show the phylogenetic relationship amongst the rice genes and to those from Arabidopsis and other plants. The HD-Zip IV family was excluded from the analysis since its phylogeny has been described elsewhere (Schrick et al. 2004; Nakamura et al. 2006) . We characterized expression patterns using RT-PCR on cDNA derived from mature plant organs and seedlings and found that all HD-Zip I, I and III genes, except for one HD-Zip II gene are expressed. A selection of eight drought-responsive HD-Zip I and II genes was further studied using real-time PCR and differences in droughtresponsive expression kinetics were observed between drought-sensitive and tolerant rice varieties. A droughtrepressed HD-Zip I gene, Oshox4, was further characterized by RNAi and overexpression analysis as well as promoter-GUS studies.
Materials and methods
In silico analysis of genome and EST sequences, sequence alignments and phylogenetic analysis BLAST searches of the rice genomic sequence were carried out with the blast programs running at Syngenta (http://www.portal.tmri.org/rice/RiceCollaboration.html), NCBI (http://www.ncbi.nih.nlm.gov), TIGR (http://www. tigr.org/), TAIR http://www.arabidopsis.org), GRAM-ENE (http://www.gramene.org) and the Chinese RiceGD database (http://www.btn.org.cn:8080/rice/). To predict intron-exon boundaries of the rice genes we used the GENSCAN web server at the Massachusetts Institute of Technology (http://www.genes.mit.edu/burgelab/) and the GENSCAN predictions of the Sanger Ensemble. The predicted sequences were adjusted manually based on comparisons with EST or cDNA sequences using Vector NTI10 (Invitrogen). To predict intron-exon boundaries of the Arabidopsis genes, genomic sequences were collected from TAIR (http://www.arabidopsis.org) and manually aligned and compared to the predicted amino acid sequences using BioEdit (Hall 1999) . Next, deduced amino acid sequences of HD-Zip class I, II and III genes from Arabidopsis, rice and Craterostigma plantagineum where used to construct a phylogenetic tree according to Harrison and Langdale (2006) . The sequences were aligned using ClustalW (Thompson et al. 1994) at the European Bioinformatics Institute (EBI) server with default settings, and then manually revised using BioEdit (Hall 1999) . Phylogenetic trees were obtained by maximum parsimony (MP) and neighbour-joining (NJ) (Saitou and Nei 1987 ) methods using PAUP, version 4.0b10 (Swofford 2002) . From 1,000 replications 23 trees were obtained for the MP search and a strict consensus tree was calculated with PAUP, version 4.0b10 (Swofford 2002) . The bootstrap probability of each branch was estimated with 10,000 replications for the NJ and 500 replications for the MP trees.
RNA isolation, RT-PCR, gene cloning and sequence analysis
Tissues from rice cultivar Minghui 86 (Oryza sativa L. ssp. indica) were ground in liquid nitrogen and total RNA was extracted using Trizol according to the manufacturer's Plant Mol Biol (2008) 66:87-103 89 instructions (Invitrogen). Genomic DNA contaminants were removed from RNA samples by incubating with DNA-free TM (Ambion) at 37°C for 30 min according to the manufacturer's instructions. First-strand cDNA was synthesized starting from 1 lg of total RNA with SuperScript III reverse transcriptase (Invitrogen) as described by the manufacturer. RT-PCR reactions were performed on single-strand cDNA using the primer sets presented in the Supplementary Material section (Table 1) . cDNA samples were equilibrated based on Actin1 PCR using the primers OsActin-fwd/OsActin-rev. PCR conditions was one minute of initial denaturation at 98°C, 30-40 cycles of denaturation at 98°C for 30 s, annealing at 58-68°C for 30 s and extension at 72°C for 15 s, followed by a final extension step at 72°C for 10 min. The PCR products were separated by electrophoresis in a 1%, 1 9 TBE agarose gel and stained with ethidium bromide. To confirm the identity of the amplified sequences, the PCR products were cloned in either SK Bluescript II (Stratagene) or pCR2.1-TOPO vector (Invitrogen) and sequenced commercially (Baseclear, Leiden, The Netherlands).
Northern blot hybridization
Electrophoresis and northern blotting of RNAs were performed as described by Memelink et al. (1994) . Baked blots were (pre)-hybridized in 1 M NaCl, 1% SDS, 10% dextrane sulphate and 50 lg/ml denatured herring sperm DNA at 65°C, washed with 0.1XSSPE, 0.5% SDS at 42°C and autoradiographed. Probes were labelled by random priming with 32 P-dCTP. Equal loading of RNA samples was verified on the basis of ethidium bromide staining of ribosomal RNA bands.
Rice varieties and drought treatment
Rice varieties used for analysing drought-responsive expression of rice HD-Zip genes were an irrigated rice cultivar Zhenshan 97 (Oryza sativa L. ssp. indica), three drought-resistant upland rice cultivars (IRAT 109, IRAT 112 and Cabacu (O. sativa L. ssp. japonica)), and two drought-sensitive lowland cultivars (Nipponbare and Taipei 309 (O. sativa L. ssp. japonica)). Zhenshan 97 is the maintainer line for a number of elite hybrids widely cultivated in China, IRAT 109 and IRAT 112 originate from Cote d'Ivoire, Cabacu is from Brazil, and Nipponbare and Taipei 309 are from Japan and Taiwan, respectively. Rice plants were grown in polyvinyl chloride (PVC) tubes (1 m in length and 0.2 m in diameter), one plant per tube, under a rain-out shelter with movable roofs. Drought stress was applied at two weeks before flowering to allow severe drought stress (complete leaf-rolling) to develop at the flowering stage. The planting and drought treatment in the PVC pipes was essentially the same as described previously (Yue et al. 2006) . During the process of drought stress development, leaves were daily sampled for quantification of relative water content (RWC). Leaf samples with RWC 90-92% (representing slight stress), 82-85% (moderate stress) and 75-78% (severe stress) for both the cultivars were used for real-time quantitative PCR analysis. 
Real

Plant transformation and binary vector construction
Rice transformation of the japonica cultivar Nipponbare with binary vector constructs pC1300-Oshox4 and pOshox4-GUS was performed as described by Scarpella et al. (2000) except that Agrobacterium tumefaciens LBA4404 was used. Prior to growth in the greenhouse, transgenic seedlings were selected on a half-strength Murashige-Skooge medium supplied with 0.7% type I agarose (Sigma) and 25 mg/ml hygromycin. pC1300-Oshox4 was derived from pRT-Oshox4 by transferring a HindIII fragment to pCAMBIA-1300 (Genbank Accession AF234296). The transferred fragment includes the Cauliflower Mosaic Virus (CaMV) 35S promoter, the full-length Oshox4 cDNA clone (Genbank Accession AF145728) and a CaMV 35S transcription terminating signal. For the Oshox4 promoter GUS fusion, a 2,366 bp DNA sequence upstream of the predicted translation start (corresponding to the region between nucleotide 87,123 and 89,488 in BAC clone OJ1595_D08, chromosome 9, Genbank Accesion AP005574) was amplified by PCR from genomic Nipponbare DNA using High Fidelity Taq polymerase (Roche). The following primers were used: pOshox4Fw: 5 0 -GGTCTGTTTGGCAAAGCTTCAGTTC-3 0 and pOshox4Rev: 5 0 -GTCGCTCCATGGCGAGTTCTAG TAA-3 0 . The fragment was subsequently cloned into pCR2.1 Topo (Invitrogen) and then in vector pCAMBIA-1391Z (Genbank Accession AF234312) for translational fusion to the ß-glucuronidase (GUS) gene, resulting in construct pOshox4-GUS.
Detection of GUS expression, cytological techniques and microscopy
Histochemical detection of GUS activity, cytological techniques and microscopy were performed as described earlier (Scarpella et al. 2000) . Samples were viewed using a Leica MZ12 stereo microscope or a Leitz Diaplan microscope with bright-field optics settings and images were acquired with a Sony 3CCD Digital Photo Camera DKC-5000.
Results
Classification and chromosomal localization of HD-Zip I, II and III genes in rice Previously we described seven members of the HD-Zip families I and II from rice, named Oshox1 to Oshox7 (Meijer et al. 1997 . These sequences were used as starting material to identify and annotate all HD-Zip I, II and III genes in rice with BLAST searches at the mRNA and genomic level. Using the whole genome shotgun sequence database of Oryza sativa L. ssp. japonica (variety Nipponbare) (Goff et al. 2002) and the sequence information from the International Rice Genome Sequencing Project (IRGSP 2005), we identified in total 33 HD-Zip genes of families I (14 genes), II (14 genes) and III (5 genes) (Table 1 ). These were named Oshox1 to Oshox33, following the original nomenclature of Meijer et al. (1997 Meijer et al. ( , 2000 . All 33 HD-Zip genes were also found in the indica genome sequence (results not shown). Family II includes two genes (Oshox30 and -31) that have stopcodons in the HD and additional exon rearrangements such that no functional protein can be formed, and hence are likely to be pseudogenes. All rice HD-Zip I, II and III genes could be assigned to a chromosomal map position and a corresponding BAC clone (Fig. 1 , Table 1 ). The chromosomal map shows that, unlike the vertebrate hox genes, the rice HD-Zip genes are not clustered in the genome.
EST and cDNA collections from rice (e.g. Yamamoto and Sasaki 1997; Kawasaki et al. 2001; Reddy et al. 2002; Wu et al. 2002; Yu et al. 2002; Kikuchi et al. 2003; Zhou et al. 2003; Jantasuriyat et al. 2005) were searched for HD-Zip sequences in order to verify the accuracy of the genomic predictions. ESTs and cDNAs of all HD-Zip genes (Table 1) except Oshox18 and -26 and the two predicted pseudogenes (Oshox30 and -31) were present in the databases. A number of ESTs originating from RGP were requested and sequence analysis and submission to Genbank was completed ( Table 1) . As a result, full-length cDNAs are now available for the majority of the rice HD-Zip genes (Table 1) . In other cases, ORFs could be deduced from partial cDNA and EST clones and sequencing of RT-PCR products (Table 1 ). An overview of annotated ORFs for all rice HD-Zip I, II and III proteins is presented as Supplemental Figure 1 .
Phylogeny reconstruction of monocot and dicot HD-Zip genes based on sequence similarity and intron-exon organization
With the identification of all HD-Zip genes of families I, II and III in the two model species rice and Arabidopsis it was possible to perform a phylogeny reconstruction (Fig. 2) . From Arabidopsis a total of 17 HD-Zip I, 9 HD-Zip II and 5 HD-Zip III genes were described earlier (e.g. Ruberti et al. 1991; Mattsson et al. 1992; Davis 1992, 1994; Schena et al. 1993; Söderman et al. 1994; Lee and Chun 1998; Sessa et al. 1998; Henriksson et al. 2005) and during the course of this work an extra HD-Zip II gene in Arabidopsis was identified (At1g70920). In addition 7 HD-Zip I and II sequences (CpHB-1-7) from the resurrection plant Craterostigma plantagineum (Frank et al. 1998; Deng et al. 2002) were included. The tree was constructed with the NJ method using sequences of 175 amino acids of the HD and Zip domains. A tree based on the MP method gave largely similar results and is included as Supplemental Figure 2 . Sequence alignments underlying the phylogeny reconstruction are shown in Supplemental Figure 3 . The NJ tree reveals 12 pairs of closely related rice HD-Zip genes. The Oshox2/ -28 gene pair lies separated by only 15 kb and therefore probably resulted from a recent duplication event. To determine if the other 11 clustered gene pairs might also be likely paralogues, we analysed their chromosomal locations in relation to the duplication history of the rice genome as described by . Based on this analysis another seven Oshox gene pairs (26/18, 24/22, 21/23, 8/13, 5/25, 11/27 and 20/4) are predicted paralogues because they are situated on duplicated chromosome regions (Fig. 1) . For example, a genome segment of Oshox5, -27 and -20 on chromosome 8 is duplicated on chromosome 9 (Oshox25, -11 and -4). Oshox16 clusters with the Oshox5/-25 pair, but is not located in the same duplicated regions. The pairs Oshox12/-14 and Oshox17/-19 are also not in duplicated regions. The HD-Zip III gene pairs Oshox9/-10 and Oshox32/-33 are located just outside the described duplicated regions.
To support the phylogeny reconstruction, we compared intron positions of all rice and Arabidopsis HD-Zip genes from Arabidopsis and rice ( Fig. 2 and Supplemental Figure 4 ). Based on intron positions, the HD-Zip I, II and III families can be divided into seven (IA-IG), four (IIA-IID) and four (IIIA-IIID) subfamilies, respectively. All HD-Zip II genes in rice and Arabidopsis contain an intron in the coding region of helix 2 of the HD that is not present in HD-Zip I and III genes. Most family I genes in both species have an intron in the leucine zipper region which never occurs in families II and III.
The NJ tree (Fig. 2) shows that the HD-Zip genes of family I can be divided into nine clades which we refer to as a, b1, b2, c, d, e, f, u1 and u2; based on and extending Indicated are gene names, locus codes, chromosomal coordinates in Mb, Genbank Accession codes for BAC clones and Genbank Accession codes for cDNA or EST clones and cloned RT-PCR products. In all cases where only one cDNA/EST accession is given these are full-length sequences. For Oshox6 two accessions of alternative transcripts are given. In other cases where multiple accessions are given, these are partial and overlapping ESTs/cDNAs from which the full-length ORF could be deduced. Oshox30 and -31 are pseudogenes the nomenclature previously proposed by Henriksson et al. (2005) . Clade f is unique to rice and consists of Oshox4, -8, -13 and -20. These genes have the same intron-exon pattern (subfamily IC), except for Oshox8, which does not have introns (subfamily IA). Clade a consists of Athb-3, -13, -20 and -23 (subfamily IC) and Oshox21 and -23 (subgroup IB). Clade b originally comprised Athb-1, -5, -6 and -16 (Henriksson et al. 2005 ), but in our NJ tree these genes are separated over two clades that we named b1 and b2. Clade b1 contains Athb-1 and Oshox16, which share a unique intron in the first helix of the HD and are the only representatives of group ID. Additionally, clade b1 contains representatives of subfamily IB (Oshox25) and subfamily IC (Oshox5). Subfamilies IB, IC and ID all have an intron at the same position in the Zip region. Clade b2 contains only dicot genes (CpHB4, -6 and -7 and Athb-5, -6 and -16). Genes in clade c (Athb-7 and -12, Oshox 6, -22 and -24) all belong to subfamily IB. Oshox6 is an exception in this subfamily in that it contains an extra intron after the Zip region. However, we found an alternative transcript (Genbank Accessions AK103160 and AK059755) from japonica cultivar Nipponbare in which this intron is transcribed into a functional protein. Clade d consists only of genes from intron subfamily IE (Oshox12/ -14, and Athb-21, -40) and IF (Athb-53). These subfamilies are characterized by an intron between the 4 and 5th leucine of the Zip region (the so-called L4-L5 group), whereas the intron of subfamilies IB to ID is located between the 5 and 6th leucine (L5-L6 group). Clade e, consisting only of Athb-22 and -51 (subfamily IE) is placed at the base of HD-Zip families I and II. Genes from the original clade u (Athb-52 (subfamily IA) and -54 (subfamily IG)) appear on separate branches in our NJ tree (u1 and u2) and do not group with rice HD-Zip genes.
The tree of family II shows low resolution and no bootstrap support for the lower branches. However, there is good bootstrap support for a number of subgroups in the higher branches of the tree. Two distinct subgroups are supportive of orthologous rice/Arabidopsis gene pairs. These are the Oshox3/Athb-17/At1g70920 subgroup and the Oshox11/Oshox27/HAT14 subgroup, both consisting only of genes in intron subfamily IIC. In both the NJ (Fig. 2) and MP trees (Supplemental Figure 2) , Oshox15 is closely related to a dicot group consisting of CpHB-2, HAT9 and HAT22, but there is low bootstrap support for the Oshox15 connection. However, similar intron-exon organization (subfamily IIB) supports common ancestry of these genes. The other HD-Zip II genes branch in separate rice and dicot (Arabidopsis and C. plantagineum) groups. This agrees well with the fact that there is much more variety in intron-exon organization in rice than in Arabidopsis, the latter having no representatives in the intron-exon organization groups IIA and IID.
The NJ tree of family III proteins shows high resolution and bootstrap support. The HD-Zip III proteins from rice and Arabidopsis are very conserved, not only in the HD and Zip domains but also along the START domain and other regions (results not shown). Oshox9 and Oshox10 form a sister group to REVOLUTA (REV) from Arabidopsis, which is supported by identical intron-exon organization (subfamily IIIA). Furthermore, Oshox32 and Oshox33 form a sister clade to Athb-8 and CORONA (CNA). Conservation of intron-exon organization places Oshox32 and -33 closest to CNA (subfamily IIIA), whereas Athb-8 has a unique intron patterning not occurring in rice (subfamily IIIC). Oshox29 (intron subfamily IIID, unique to rice) does not have an obvious sister gene in Arabidopsis, but is closest to PHABULOSA (PHB) (intron subfamily IIIB, unique to Arabidopsis) and PHAVOLUTA (PHV) (intron subfamily IIIA).
Expression characteristics of rice HD-Zip genes
The organ distribution of gene expression of all the identified rice HD-Zip genes (31 excluding two predicted pseudogenes) was determined by use of reverse transcription (RT)-PCR experiments. RNA samples were derived from two-week old whole seedlings and from seven different samples from mature plants, including stem, root, leaf blade, leaf sheath, and panicles at 5, 10 and 15 days after flowering (DAF). RT-PCR reactions were equilibrated with control PCRs on the Actin1 gene. All PCR products were cloned, confirmed by sequence analysis and annotated for submission to Genbank (Table 1) . Transcripts of most of the HD-Zip genes were found to be widely expressed, although expression levels varied between organs or developmental stages (Fig. 3) . Oshox3, -12 and -24 were predominantly expressed in panicles of 10 and/or 15 DAF, suggesting that these particular genes might be involved in grain ripening and development. Several other Oshox genes (including numbers 1, 2, 5, 7, 8, 15, 16, 20, 22 and 25) were also clearly up-regulated during the maturation of panicles, but were also expressed in other organs. The opposite expression pattern in panicles was shown by Oshox28, which is highly expressed at 5 DAF, but down-regulated in maturing panicles of 10 and 15 DAF. Some HD-Zip genes were expressed in all organs except for one. This applied to Oshox8 and -29, which was not expressed in leaf sheath, to Oshox16, which was absent from roots, and to Oshox22, which was absent from panicles at 5 DAF. Other HD-Zip genes were specifically abundant in a single organ, such as Oshox29 in roots and Oshox18 in leaf sheath. Expression levels of Oshox2, -9, -10 and -14 were higher in stem than in all or most other organs. Twelve of the HD-Zip genes were strongly expressed in seedlings (numbers 4-9, 19, 21-23, 27 and 28). For Oshox26 it was not possible to achieve transcript amplification with any of the primers sets tested, nor was it possible to find any EST or cDNA in the databases. Thus there is no evidence yet that this particular gene is expressed.
Effects of drought stress on expression of eight rice HD-Zip genes
In several plant species HD-Zip genes were shown to be regulated by dehydration (Frank et al. 1998; Lee and Chun 1998; Söderman et al. 1996 Söderman et al. , 1999 Deng et al. 2002; Gago et al. 2002) . For a subset of HD-Zip I and II genes from rice (Oshox4, -6, -11, -19, -20, -22, -24 and -27), we investigated in detail, using real-time PCR, kinetics for drought-response under field conditions. The choice for this subset was based on earlier data obtained with RT-PCR and micro-arrays (results not shown). The experimental set-up included two different rice varieties, which are the drought-sensitive irrigated rice indica cultivar Zhenshan 97 and the drought-resistant upland japonica rice cultivar IRAT 109. Rice plants were grown under a specialized rain-out shelter and drought stress was applied at 2 weeks before flowering to allow severe drought stress (complete leaf-rolling) to develop at the flowering stage. The extent of drought stress (slight, moderate or severe) was assessed by quantification of the RWC as described in the methods section. As shown in Fig. 4 , all eight tested HD-Zip genes were drought-responsive but differences were observed between the drought-sensitive Zhenshan 97 and drought-resistant IRAT 109 cultivars. The closely related Oshox4 and -20 genes were both down-regulated upon drought stress. The basal expression levels of both genes were higher in the drought-resistant IRAT 109 cultivar, and the differences with the down-regulated expression levels following drought treatment were larger in this cultivar compared with the drought-sensitive Zhenshan 97 cultivar. The basal expression level of Oshox11 was also higher in IRAT 109 and was downregulated by drought treatment, but there was no droughtresponse in Zhenshan 97. Expression of Oshox19, -22 and -24 was induced by drought and was stronger in response to increasing severity of drought-stress. Furthermore, induction of these genes was stronger in IRAT 109 than in Zhenshan 97. In contrast, Oshox27 and -6 were only drought inducible in Zhenshan 97.
To determine if differences in drought-responsive expression kinetics were reproducible in other droughtresistant and drough-sensitive varieties, we tested Oshox4, -8, -19 and -22 using four different japonica rice varieties (Supplemental Figure 5) . IRAT 112 and Cabacu are drought-resistant upland varieties, whereas Nipponbare and Taipei 309 are drought-sensitive lowland varieties. Upon 1 and 2 days of drought-stress treatment, Oshox4 was downregulated in all four japonica varieties. Conversely, expression of both Oshox19 and -22 was induced by drought treatment. Furthermore, induced expression levels of Oshox19 and -22 were higher in the drought-resistant varieties (IRAT 112 and Cabacu) than in the droughtsensitive varieties (Nipponbare and Taipei 309), in agreement with results of the field study with IRAT 109 and Zhenshan 97. As a control, the expression of Oshox8 was not affected by drought-stress.
Expression pattern of Oshox4-GUS in rice
The expression pattern of one of the drought-repressed HDZip family I genes, Oshox4, was further studied using a promoter-GUS fusion construct. In total 20 independent transgenic Nipponbare plants were made expressing the Oshox4-GUS reporter construct. In agreement with our RT-PCR results (Fig. 3) , GUS reporter gene activity was detected in seedlings and in all major organs of mature plants (Fig. 5 and data not shown) . Furthermore, GUS activity was repressed in leaves of drought-treated seedlings compared with control seedlings (Fig. 5a, b) , confirming the results of real-time PCR analysis of Oshox4 transcript levels (Fig. 4) . Oshox4-GUS activity was predominantly localized to the vasculature of leaves (Fig. 5a) , roots (Fig. 5d, e) , stem ( Fig. 5f) and spikelets (Fig. 5g) . Similarly, GUS signals in embryos were highest in the vascular bundle of the scutellum (Fig. 5h, i) . Stem   Fig. 3 Expression of rice HDZip genes in stem, root, leaf blade, leaf sheath, and panicles at 5, 10 and 15 DAF, and in two-week old whole seedlings. The expression was determined by RT-PCR analysis. Oshox26 (no expression detected) and Oshox30 and -31 (predicted pseudogenes) are not shown. Actin1 expression is shown as a constitutive control sectioning revealed strongest expression in the phloem tissue (Fig. 5f ).
Functional analysis of Oshox4
The drought-repressed Oshox4 gene was further investigated by loss-and gain-of-function studies. Loss-offunction analysis was performed by RNA interference (RNAi) using the hairpin-RNA producing gene silencing vector, pHannibal (Wesley et al. 2001) . Fifty independent transgenic lines were obtained and northern blot analysis showed effective down-regulation of Oshox4 expression (data not shown). Phenotypes of Oshox4 RNAi plants were indistinguishable from the wild type (data not shown). In contrast, growth of rice plants overexpressing Oshox4 under control of the CaMV 35S promoter was much reduced (Fig. 6a-f) . Two months after transfer to the greenhouse, control transgenics (expressing a GUS reporter gene) already had formed multiple flowering tillers, while the Oshox4 overexpressors (confirmed by northern analysis, Fig. 6h ) had produced only few small leaves and in most cases had not yet started to form tillers (Fig. 6a, b) . Based on the severity of the phenotype the overexpressors were divided into three groups. Group I plants (n = 4) were the most severely affected. These plants never formed tillers, completely lacked internode elongation, and the shoot displayed a prolonged vegetative phase in that it continued to produce leaves (over 15 compared to 5-6 in the control) instead of entering the reproductive stage. Group II plants (n = 4) had formed the first flowering tillers 4-6 months after transfer to the greenhouse, when seed maturation in the controls was already completed (Fig. 6c, d ). The size of the panicles and the elongation of the stem were reduced and the plants were not fertile. However, they showed a reduced senescence compared to the controls (Fig. 6e, f) . Group III plants (n = 4) were relatively similar to the control plants except that stem elongation was also reduced. Only one of the group III plants was fertile. The transgenic progeny of this plant inherited the stem elongation phenotype (Fig. 6g) . A quantification of the stem elongation phenotype was performed on plants in group II. Lengths of the first three internodes below the neck node were 60% on average (P \ 0.001) reduced compared with control plants (Fig. 6i,  left panel) . All internodes were affected to a similar extent, as shown by calculation of the relative internode lengths (Fig. 6i, right panel) . To determine if the reduced elongation was due to a difference in cell size or cell number, cell sizes were measured in the middle of the first internode (n = 60 cells for n = 3 plants per group). This analysis indicated that the reduced internode elongation was mainly due to a reduction in cell division, since the cell size in the longitudinal direction was only slightly reduced (15.87 ± 0.03 lm for the Oshox4 group versus 17.11 ± 0.03 lm for the control group, P = 0.02). Cell size in the transverse direction was unaffected (17.06 ± 0.03 lm for the Oshox4 group versus 16.94 ± 0.03 lm for the control group, P = 0.84). Anatomical structures of stems and leaves, including arrangement and numbers of vascular bundles, were also unaffected (data not shown). In conclusion, overexpression analysis indicated that Oshox4 may be involved in the regulation of elongation and maturation.
Discussion
Here we report a complete annotation of the HD-Zip I, II and III family genes from rice together with an analysis of their organ-specific and drought-responsive expression Fig. 4 Real-time PCR analysis of eight drought-responsive rice HDZip genes. Oshox4, -6, -20, -22, and -24 belong to family I and Oshox11, -19, and -27 belong to family II. cDNA samples were derived from leaves of control and drought-treated rice cultivars Zhenshan 97 (Oryza sativa L. ssp. indica, a drought-sensitive cultivar) and IRAT 109 (O. sativa L. ssp. japonica, a droughtresistant upland rice cultivar). Leaf RNA samples are indicated as c (control), d1 (slight stress characterized by an RWC of 90-92%), d2 (moderate stress characterized by an RWC of 82-85%) and d3 (severe stress characterized by an RWC of 75-78%). The standard error is indicated patterns. Furthermore, a gain-and loss-of-function analysis of the HD-Zip family I gene, Oshox4, is described.
Phylogeny reconstruction
Phylogeny reconstructions of the complete HD-Zip I-III gene sets from rice and Arabidopsis and a subset of HDZip genes from C. plantagineum were performed. Analyses based on either NJ or MP methods gave similar results and showed a good resolution of the HD-Zip families I and III, with high statistical support for the branching of the tree. In contrast, the family II tree is less well supported in the deeper branches. The analysis resolves the six monophyletic subfamilies of Arabidopsis HD-Zip I genes, previously identified by Henriksson et al. (2005) , but we recognize an additional clade (f) only present in rice. Furthermore, genes that were previously placed in the b and u clades, located separately in our analysis. We therefore refer to these clades as b1/ b2 and u1=u2: No support was found for orthologous relationships between individual rice and Arabidopsis genes. However, the analysis identified orthologous subfamilies of rice and dicot genes in clades a, b1, c and d. Clades b2, e, u1 and u2 lack orthologues in rice, implying a loss of these gene lineages in monocots. Conversely, the f lineage appears to have been lost in dicots.
Orthology assessment within the HD-Zip II family is more difficult than in the other two. Although a number of clades containing 2-3 genes are identified as monophyletic, the phylogenetic relations between clades are mostly not resolved with high statistical support. Oshox18 and -26, in the NJ analysis are basal to family II, and the intron/exon organization data, discussed below, support their association. Two cases of orthology between rice and Arabidopsis genes are well supported by the analysis (Oshox3 to Athb-17 and Oshox11/-27 to HAT14). The observation that several Arabidopsis genes lack rice orthologues and vice versa might indicate loss of gene lineages in both dicots and monocots.
The family III genes form a monophyletic clade with high statistical support. It shows two cases of orthologous relationships between rice and Arabidopsis genes (Oshox32/-33 to Athb-8/CNA and Oshox9/-10 to REV). As for the other two families, the analysis indicates loss of family III gene lineages in both monocots and dicots.
The intron-exon organization data provide additional support for the phylogenetic relations among the HD-Zip genes. The intron patterns provide strong support for the monophyly of the three different families. The HD-Zip I genes display a comparatively large variation in exon/ intron organization (seven patterns). Two genes, Athb-52 and Oshox8 lack introns. Athb-54 shares one intron in the 3 0 -end with the majority of HD-Zip I genes, but in addition carries three introns down-stream to the HD-Zip region, which are not present in any other HD-Zip gene. This, in combination with the divergent primary sequence, suggests Athb-54 to be a distant relative within family I. The remaining HD-Zip I genes contain 2-3 introns in four different positions, none of which is common to all genes. Athb-22 and -51 are basal to families I and II in the phylogeny analysis. The intron organization, however, indicates a distinct association with family I, specifically with clade d, with which they share a unique intron within the Zip region. This intron supports the monophyly of this clade, and thus the orthology between Oshox12 and -14 and the Arabidopsis d genes. The distribution of intron patterns between genes is consistent with the phylogeny of the remainder of family I, under the assumption that pattern IC, observed in eleven genes is ancestral, with the additional assumption of loss of the 5 0 -intron independently in the rice lineage of clades a and b1. The orthology assessments between rice and Arabidopsis in clades a and c are supported by these data. In clade b1 the orthology relationship between Athb-1 and Oshox16 is strongly supported by the exon/intron data, in that these genes share a unique intron within the HB.
Members of family II are uniquely characterized by the presence of an intron in the second helix of the HD. In addition, most family II genes contain one intron directly down-stream to the HB, and one intron in the 5 0 -end. The four different intron patterns observed in the family correspond to the selective loss of one or both of these introns. The distribution of the different intron patterns among the genes is consistent with the results of the phylogenetic analysis, assuming that the pattern IIC (three introns) is the ancestral pattern, and that the variants have arisen by differential loss of one or two introns in specific gene lineages. This interpretation, though, requires the assumption of several independent events of intron-loss in different gene lineages. We note, specifically that the rice genes Oshox26, and Oshox2 and -28, although The average lengths of the 1, 2 and 3rd internodes below the neck node were respectively 8.0 ± 2.4 cm, 2.5 ± 0.6 cm and 1.4 ± 0.4 cm for 35S-Oshox4 plants (n = 4) and 22.2 ± 2.3 cm, 5.4 ± 0.5 cm and 3.8 ± 0.4 cm for control plants (n = 5). Differences for all internodes were significant at P \ 0.001 by two-sample t-Test assuming unequal variances phylogenetically only distantly related, all have the IIA exon/intron organization, suggesting an independent loss of two introns in two separate gene lineages in rice. The similarities in intron organization between Oshox7 and -15, HAT9 and -22, might suggest a closer phylogenetic relation between these genes than indicated by the NJ-tree. The exon/intron data are consistent with the orthology assessments derived from the phylogeny analysis as regards both Oshox3/Athb-17 and Oshox11/27-HAT14 pairs.
In HD-Zip family III, seven genes contain 17 introns in identical positions. Of the remaining three genes Athb-8 and PHB each have 16 introns, and Oshox29 14. This is consistent with the phylogeny analysis, assuming that 17 introns is the original feature of this family, and that the diversity in intron organization has arisen by the differential loss of specific introns in three genes.
Expression data and functional studies
Our expression analysis showed that the rice HD-Zip genes are broadly expressed in leaves, stems, roots and panicles of different stages. The expression of certain HD-Zip genes, however, appeared to be confined to a specific organ, which might suggest a more specialized developmental role. For example, based on its expression pattern, the HD-Zip I gene Oshox12, might be involved in panicle development. In agreement, phylogeny analysis (results not shown) showed that this gene is the closest homologue to the barley HD-Zip gene Vrs1 (six-rowed spike1), which determines the number of rows of spikelets (Komatsuda et al. 2007 ). Like Oshox12, other HD-Zips (Oshox3, Oshox24) were also found to be predominantly expressed in panicles and upregulated during panicle maturation. Mutant studies will be required to determine if these genes are indeed involved in panicle development. Furthermore, analysing tissue-specificity of HD-Zip expression patterns may provide further clues about function. For example, expression of Oshox1, detected in all organs, was previously shown to be restricted to the vascular tissues where this gene plays a role in auxin transport (Scarpella et al. 2000 (Scarpella et al. , 2002 . Here we show by promoter-GUS analysis, that also Oshox4 is predominantly vascular-specific. It remains to be determined if Oshox4 function can also be connected to auxin or vascular development, similar to Oshox1 and several dicot HD-Zip genes (e.g. Baima et al. 1995; Zhong and Ye 1999) .
Like in other plants (Frank et al. 1998; Lee and Chun 1998) , expression of a subset of the HD-Zip family I and II genes from rice is either induced or repressed by droughtstress. Our analysis showed differences in the kinetics of expression between drought-sensitive and -resistant rice cultivars. Drought-resistance is a complex trait that can be divided in drought-escape, -avoidance, and -tolerance (e.g. Levitt 1972; Turner 1986; Araus et al. 2002; Chaves et al. 2003) . A plant can escape from drought by completing its lifecycle before drought occurs. An example of droughtavoidance is improvement of water uptake by increased rooting depth. Drought-tolerance includes the ability to withstand water-deficit with low water potential of tissues and the maintenance of turgor through osmotic adjustment. The upland rice variety IRAT 109 used in our study has a deeper penetrating root system, thus resulting in increased drought-avoidance compared to lowland varieties, but additionally its drought-tolerance is increased too (Yue et al. 2006 ). Effects of drought-avoidance and -tolerance are well separated in our experimental design, and sampling of the leaf materials for analysis of HD-Zip expression was under selection conditions for droughttolerance (Yue et al. 2006 ). In the real-time PCR study, three drought-repressed HD-Zip genes showed higher basal expression levels in the drought-resistant upland japonica variety IRAT 109 than in the drought-sensitive indica variety Zhenshan 97. Furthermore, repression of these genes was more pronounced (Oshox4 and -20) or only observed (Oshox11) in the drought-resistant cultivar. Of the drought-inducible genes, three were stronger induced in the drought-resistant japonica cultivar (Oshox19, -22 and -24) and two were only induced in the drought-sensitive indica cultivar (Oshox6 and -27). We observed similar differences in drought-responsive expression kinetics between other tested drought-resistant (IRAT 112, Cabacu) and drought-sensitive (Nipponbare, Taipei 309) japonica rice varieties. Thus, the differences observed between HD-Zip expression in Zhenshan 97 and IRAT 109 appear not to be due to differences between indica and japonica rice in general.
Six of the eight drought-responsive rice HD-Zip genes are predicted to form paralogous gene pairs, based on clustering in the phylogenetic tree and location on duplicated chromosome segments. In two cases, the drought response was also conserved (Oshox4/-20, both repressed; Oshox22/-24, both induced), suggesting that the regulatory sequences that control their expression did not diverge much after duplication and that these genes might have (partially) redundant functions. In contrast, functions of the gene pair Oshox11/-27 apparently diverged, because Oshox11 was repressed in IRAT109 and Oshox27 was induced in Shenzhan 97. Finally, the HD-Zip family I clade c in the NJ and MP trees consists entirely of droughtinducible genes of rice (Oshox6, -22, -24) and Arabidopsis (Athb-7, -12), suggesting the drought association to be an ancient function that has been evolutionary preserved.
The responsiveness of HD-Zip genes to stress is suggestive of roles in developmental adaptation to changing environmental conditions. This is supported by the observation that overexpression of the drought-inducible HD-Zip genes Athb-7 and Athb-12 in Arabidopsis result in phenotypes similar to those of wild type plants stressed for drought (Hjellström et al. 2003; Olsson et al. 2004 ). In addition, overexpression of the sunflower Hahb-4 gene in Arabidopsis conferred both drought-resistance and morphological changes (Dezar et al. 2005) . However, when Hahb-4 was expressed from its own drought-inducible promoter, transgenic Arabidopsis plants did not show developmental effects but still were drought-resistant (Manavella et al. 2006) . Thus, there is no strict correlation between the stressed phenotype and the occurrence of drought-resistance after HD-Zip expression. Little is known about the physiological role of HD-Zip proteins in the drought-response and the nature of the drought-resistance mechanism(s) (escape, avoidance or tolerance) in which they may be involved. Target gene studies done with CpHB-7 (Deng et al. 2006) and Hahb-4 (Manavella et al. 2006 ) genes identified genes involved in osmoprotection, suggesting that these HD-Zip I genes are involved in drought-tolerance. Characteristic for drought-tolerance is that plants respond to drought by physico-chemical adjustments to offset the adverse effects of partial tissue dehydration (Araus et al. 2002) . However, it cannot be excluded that different HD-Zip genes operate in different drought-and other stress resistance mechanisms. This is also suggested by our results, which showed that a droughtresistant and a drought-sensitive rice cultivar each upregulate and/or repress specific HD-Zip genes under drought conditions.
As discussed above, it has often been suggested that members of the HD-Zip I and II families function as developmental regulators, specifically being involved in regulation of developmental adaptation to environmental stress conditions (e.g. Meijer et al. 1997; Lee and Chun 1998; Scarpella et al. 2000 Scarpella et al. , 2002 Manavella et al. 2006; Komatsuda et al. 2007) . To determine if the droughtrepressed HD-Zip I gene, Oshox4, might act as a developmental regulator we performed gain-and lossof-function studies. Constitutive overexpression of Oshox4 using the CaMV 35S promoter strongly affected plant development. Stem elongation was reduced and the plants formed no or few tillers from the main stem. Furthermore, the transition to flowering was several months delayed or never occurred. Instead, the plants displayed a prolonged vegetative stage, continuing to produce new leaves while there was little or no senescence of older leaves. This phenotype is reminiscent of the phenotype observed in Arabidopsis plants expressing Hahb-4, a drought-inducible HD-Zip family I gene from sunflower that was implicated in ethylene-mediated control of senescence (Manavella et al. 2006) . In Hahb-4-expressing Arabidopsis plants, siliques started their maturation when leaves were still green, similar to what we observed with panicles of rice plants overexpressing Oshox4. While the overexpression data suggested that Oshox4 may be involved in developmental processes including stem elongation, maturation of plants to the reproductive stage, and senescence, such functions could not be confirmed by loss-of-function analysis. RNAi plants of Oshox4 showed no phenotypic differences with the wild type. It is possible that loss of Oshox4 function might be compensated for by other rice HD-Zip genes, for example its paralogue Oshox20 that is also repressed under drought conditions. Furthermore, it is possible that Oshox4 may interact with other loci involved in drought adaptation. This is supported by the observation that basal Oshox4 expression levels are higher in droughtresistant than in drought-sensitive rice cultivars, resulting in a steeper effect of Oshox4 repression in the droughtresistant ones. In future work, we will extend RNAi analysis of Oshox4 to these different cultivars and analyse their performance in drought assays.
